The effects of heat stress during oocyte maturation were studied in post \ x=req-\ implantation mouse embryos. Virgin ICR mice were exposed to 35 \m=+-\1\s=deg\Cand 65\ m=+-\3% RH for 12\m=.\5h beginning immediately after synchronization ofovulation with PMSG and hCG. Embryos of heat-stressed dams were developmentally heterogeneous and showed significant delays in development with as much as 48 h delayed development. Nearly 6% of these embryos were triploid, and another 2% were hyper-diploid. Development of triploid embryos was delayed more than 24 h. Nine embryos with severe developmental delay had heterogeneous chromosome constitutions. Embryo mortality before and after implantation was higher in heat-stressed dams than in controls.
Introduction
Animals exposed to high ambient temperatures exhibit poor reproductive performance (Hafez, 1964; Edwards, 1974) . Embryonic mortality is one of the most important reproductive consequences of heat stress and is one of the least understood because of its many origins. High temperatures produce detrimental effects before and after fertilization. The direct effects of heat on dividing cells (Streffer, 1982 (Streffer, , 1985 are the primary causes of embryonic death after fertilization (Elliott et ai, 1968; Bellvè, 1972; Edwards et ai, 1974) . However, the aetiology of embryonic mortality in animals heat stressed before syngamy is not well understood.
Mutations induced in spermatids and spermatocytes of hyperthermic male mice contribute to delayed development and increased embryo mortality (Bellve, 1972 (Bellve, , 1976 Garriott & Chrisman, 1981) . A variety of morphologically and cytogenetically aberrant oocytes has also been produced by exposing female mice to acute heat stress (Baumgartner & Chrisman, 1981a , b, 1987 : many of these oocytes were capable of syngamy, embryonic development, and implantation, but they showed significant developmental heterogeneity at 3-5 days of gestation and considerably higher pre-and post-implantation death rates at 19 days of gestation.
We began the current research to investigate the underlying causes of increased embryonic mortality in heat-stressed dams. Increased pre-and post-implantation death rates are related to significant delays in embryonic development (Doyle et ai, 1963; Gates, 1971; Beaumont & Smith, 1975; Elbling & Colot, 1985) . This experiment was designed to determine whether the developmental delays observed in our previous experiments are associated with cytogenetic abnormalities that also occur in maturing oocytes of heat-stressed dams.
Materials and Methods
All mice were from random bred ICR stocks (Hsd (ICR) BR, Harlan Sprague-Dawley, Indianapolis, IN, U.S.A.). All animals were maintained on a 12 h light/dark cycle with lights on at 07:30 h. Virgin females, 7-10 weeks old, were injected intraperitoneally with 3 i.u. PMSG (Sigma, St Louis, MO, U.S.A.) followed 48 h later by 3 i.u. hCG (A.P.L., Ayerst, New York, NY, U.S.A.) to induce synchronous ovulation near the mid-point of their dark phase. Animals to be stressed were exposed to 35 ± 1°C and 65 + 3% relative humidity immediately after the injection of hCG. These conditions produced an estimated average 1-2°C rise in rectal temperature. Females were exposed to stress conditions for 12-5 h. At all other times animals were maintained at thermoneutral conditions of 21 + 3°C and 65 ± 5% relative humidity.
At 12-5 h after hCG, females were paired with fertile males for 5-5 h to produce embryos ofuniform chronological age. The presence ofa copulatory plug (Day 1 of gestation) indicated that mating had occurred. Females lacking a copulatory plug after the mating period were excluded from the study which had 15 replicates, each replicate consisting of 1 control and 2 heat-stressed females. On the morning of Day 9 of gestation females were killed by cervical dislocation and the reproductive tracts were removed, corpora lutea were counted, and the numbers of implantation sites were recorded. Preimplantation losses were determined by subtracting the number of implantation sites from total corpora lutea. Conceptuses were dissected from each uterus and transferred to a watch glass containing 0-9% (w/v) sodium chloride solution adjusted to pH 7-2. Embryos were dissected from the decidual tissue at 20 magnification under a dissecting microscope, and the numbers of somites were recorded. Embryos were grouped for analysis according to the following morphometric scale: pre-somite; 1-4; 5-12; 13-20; and >20 somites, corresponding approximately to a normal gestational age of: up to 7-5 days; 7-5-8 days; 8 days; late 8-9 days; and >9 days, respectively (Theiler, 1972) . Implantation sites without embryos were classified as empty decidua.
Embryos were then processed for chromosome analysis. Large embryos were partly split along the mid-line before exposure to the hypotonie solution. Embryos were then transferred one at a time to individual tubes of pre-warmed (37°C) 1 % (w/v) sodium citrate solution. Embryos remained in hypotonie solution for up to 40 min, depending on their size. Pre-somite and l^t-somite embryos required about 30 min of hypotonie treatment for optimal results. At the end of hypotonie exposure, a small amount of fixative (absolute methanol:glacial acetic acid, 3:1 v/v) was layered on top of the hypotonie solution in each tube. The hypotonie solution was drawn off from the bottom with a finetipped pipette, pulling the fixative over the embryo and taking care not to cause turbulence within the tube. Additional fixative was pipetted into each tube, removed after 5 min and replaced with fresh fixative before storage at 4°C. Chromosome spreads were obtained by the method of Wroblewska & Dyban (1969) with minor modifications. These modifications allowed the identification of the sex chromosomes via differential staining intensity and morphology. The Y chromosome is distinctly long in ICR mice, compared to that of other mouse strains, and stains darkly with this technique. Two slides were made from each embryo. After a few minutes of drying at 40°C, several drops of fixative were washed over the slides. Slides were stored in an incubator at 37°C until stained. Chromosome preparations were stained with Giemsa and examined at 1000. Up to 25 metaphase spreads were analysed per embryo. Data were analysed by 2 contingency table analysis (Steel & Torrie, 1960) . Calculated values were compared to standard table values, and the associated probabilities are reported. A t test was performed on counts of corpora lutea. Cytogenetic evaluation was cross classified with morphology to determine whether cytogenetic constitution was associated with developmental delay.
Results
Reproductive performance, estimated by the difference between the number of embryos recovered and counts of corpora lutea, was significantly decreased in heat-stressed dams. Stressed females consistently had higher ovulation rates than controls, although the differences were not significant. Of 30 heat-stressed animals that had mated, 3 had complete preimplantation loss and were excluded from the analyses, and 3 had only empty decidua. The remaining females had sig¬ nificantly more preimplantation losses (P < 0-005) and significant increases in empty decidua ( < 0005). Development was delayed by more than 48h in some cases (Table 1) . Typically, embryos from control dams contained 21-27 somites. Embryo development within heat-stressed dams was highly variable as the majority of embryos contained 5-15 somites, representing delays of 18-36 h.
Triploidy was observed in 13 of the 227 embryos (5-7%) recovered from stressed dams (Table  3 ). All triploid embryos had developmental delays greater than 24 h. Nine embryos with severe developmental delay (pre-somite to 8 somites) from heat-stressed females had heterogeneous chromosome counts. This group consisted of 4 hyperdiploid embryos, 2 diploid embryos with hypoand hyperploid counts, 2 hypotriploid embryos, and 1 triploid embryo with hypo-and hyperploid (Tables 2 and 3 ) had hypoand hyperploid cells. Heteroploid embryos were not included in statistical analyses involving embryo sex because they presented too few cells for accurate diagnosis of sex. Chromosome counts tended to cluster near 40 for diploids and near 60 for triploids. These embryos also had unusual fragmentation of some interphase nuclei. Chromosomes were not analysable in 3-5% of the embryos from heat-stressed dams. The increase in the proportion of non-analysable embryos was due in part to the small size of the embryos and increasing numbers of dying cells. Of the non-analysable embryos, 80% came from the three least developed stages. (•Triploid. ÎHeteroploid: embryos that presented cells with variable numbers of chromo¬ somes (see Table 2 ).
All embryos from control dams yielded analysable metaphase spreads (Table 3) . Control dams produced one triploid embryo (60,XXY) and one mosaic embryo (40,XX/41,XX/39,XX). Both of these embryos were less developed (20 and 9 somites, respectively) than the average (24 somites). Neither the level of aneuploidy nor embryo sex ratio differed significantly between treatments. Differences in developmental stage and chromosome constitution were not associated with embryonic sex within the heat-stressed group.
Discussion
Meiotic maturation is highly sensitive to moderate, short-duration maternal heat stress. Oocyte degeneration, as well as embryo mortality at several stages of development, is significantly increased. Previous studies have investigated the effects of heat stress on embryo development and mortality by exposing ova to a high temperature shock of very short duration (Beatty & Fisch berg, 1952; Braden & Austin, 1954; Komar, 1973) , or maternal stress of much longer duration than was applied in the present experiment (Elliott et ai, 1968; Bellvè, 1972 Bellvè, , 1973 Bellvè, , 1976 . In embryo culture and reciprocal embryo transfer experiments with in-vivo and in-vitro heat-stressed embryos (Alliston & Ulberg, 1961 Woody & Ulberg, 1964; Alliston et ai, 1965; Ulberg & Burfening, 1967; Burfening et ai, 1969; Ulberg & Sheean, 1973) , stressed embryos were less likely to survive than were non-stressed embryos: non-stressed embryos transferred to heat-stressed recipients did not appear to be at a disadvantage compared to non-stressed embryos transferred to non-stressed recipients. Differences existed because of embryo treatment and were not due to treatment of the recipient, suggesting that residual effects on the reproductive tract, if any, were minor. These early studies therefore describe the consequences of the direct effects of heat on dividing cells of embryos.
Our results are similar, but appear as indirect effects on embryo viability due to heat stress of maturing oocytes.
When cells are exposed to high temperatues, the damage varies according to the phase of the cell cycle exposed (Streffer, 1985) . The spindle is disrupted in mitotic cells resulting in chromosome dispersion and polyploidy, and ultimately death of the cell line. Since many cellular macromolecules are heat-labile, cells in the growth phase are delayed due to metabolic alterations. Also, high temperature can be mutagenic to cells during DNA synthesis. Heat causes both single and double strand breaks in nascent DNA molecules and denatures enzymes involved in synthesis and repair.
Heat also causes various anomalies in maturing oocytes (Baumgartner, 1986) . Large numbers of oocytes degenerate because of damage to cell membranes. Others degenerate because cellular processes have been altered. Disruption of the first meiotic spindle may stop meiosis at diakinesis-metaphase I, prevent polar body formation, or result in chromosome dispersion. Lethal or detrimental mutations, indicated by increased levels of post-implantation mortality, may occur. Heat-labile molecules within the heated oocyte are probably denatured, requiring re-aggregation or de-novo synthesis of necessary macromolecules before meiosis resumes. Each of these effects decreases reproductive efficiency.
Fertilization of diploid oocytes produces triploid embryos which do not survive beyond 8 to 10 days of gestation (Niemierko, 1981) . Embryos from oocytes with dispersed chromosomes are extremely imbalanced and probably die soon after fertilization or during early cleavage stages, since they are not observed at 3-5 days of gestation (Baumgartner, 1986) . Once normal physiological mechanisms are re-established within an oocyte or embryo and cleavage resumes, surviving embryos may develop at different rates due to residual effects. This would lead to developmental heterogeneity.
Developmentally retarded embryos may die on exposure to adverse uterine conditions (Doyle et ai, 1963; Elbling & Colot, 1985) . Retarded embryos able to implant may be incapable of adjusting to the rapidly changing environment of the implantation site. This would deprive the embryo of nutrients and result in further delays in growth. Also, as more of the genome is activated during embryogenesis, induced mutations may cause further developmental delays and/or death. The persistence of cells that had fewer than 40 chromosomes, including some that were haploid in number at 9 days of gestation, appears remarkable. To determine whether these cells resulted from random chromosome loss during fragmentation, one would have to rely on chromosome banding for individual chromosome identification.
From this study we can partition some of the embryo death and suggest likely causes. Preimplantation loss is caused by an increase in degenerate oocytes and oocytes with severely disrupted metabolic processes that probably cause delayed development or death in cleavage stage embryos. Post-implantation losses can be attributed to chromosomally imbalanced embryos, lethal mutations, and developmental retardation in embryos capable of initiating a decidual reaction. Triploid embryos later become a part of post-implantation mortality.
